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ABSTRACT 
Annual rates of plastic production have been increasing rapidly since the 1950s. Inadequate 
or improper disposal of plastic products has contributed to a significant increase in plastic 
debris in the world’s oceans and a corresponding increase in the number of species negatively 
affected by this debris. Here we investigate trends in the type, amount, and colour of ingested 
plastic over time, and determine whether ingested plastic contributes to reduced health of 
Wedge-tailed Shearwaters (Ardenna pacifica) on Lord Howe Island, Australia. The results 
show no clear influence of ingested plastic on body condition, while trends in the prevalence, 
number, and mass of plastic items ingested per bird during 2005 and 2013-2018 were more 
variable. There was some evidence adult birds are selecting plastic by colour. Future 
monitoring of this pan-tropical seabird would provide a unique opportunity to gather data 
from multiple sites, concurrently. 
 
Keywords: Long-term trends; Plastic ingestion; Plastic pollution; Tasman Sea; Wedge-tailed 
Shearwater 
 
1. Introduction 
First known as Bakelite, plastic was invented in 1907 (Baekeland, 1909), mass 
production began in the 1950s, increasing exponentially, and now reaches 335 million metric 
tonnes per year (PlasticsEurope, 2018). Plastics are designed to be light-weight, convenient, 
and durable, several characteristics that make them suitable packaging alternatives compared 
to other materials such as glass or metal, but also makes them problematic in the environment 
(Hopewell et al., 2009). Plastics are inexpensive to produce and widely consumed (UNEP, 
2014). In Australia, 37% of plastic items comprise single-use packaging, leading to a 
significant increase in disposal rates in the last half century (PACIA, 2013). 
Once in the ocean, plastic particles can both sink and float, becoming dispersed over 
long distances via tides and currents (Thiel et al., 2013). Significant quantities of plastic are 
now in all oceanic basins (Eriksen et al., 2014) and freshwater systems (Eerkes-Medrano et 
al., 2015), accounting for >80% of debris items recorded at-sea, on beaches, and along river 
banks (Gregory and Ryan, 1997; Hammer et al., 2012). These synthetic materials persist for 
decades in the marine environment, posing a considerable threat to a diverse array of marine 
flora and fauna (Gall and Thompson, 2015). 
In Australia, at least 77 marine species are known to be impacted by plastic debris, 
with Australian fur seals (Arctocephalus pusillus doriferus) and Flesh-footed Shearwaters 
(Ardenna carneipes) exhibiting some of the highest rates of entanglement and ingestion in the 
world, respectively (Ceccarelli, 2009; Lavers and Bond, 2016b; Lavers et al., 2014). 
Worryingly, entanglement and ingestion rates in both Australian pinnipeds and shearwaters 
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are increasing (Lavers et al., in prep; Page et al., 2004) despite plastic debris being identified 
as a key threatening process in Australian legislation (DEWHA, 2014; Parliament of 
Australia, 2016) and the release of plastic into the marine environment prohibited under 
international law (MARPOL Annex V resolution MEPC.201(62)), to which Australia is a 
signatory. Under the Convention on Biological Diversity 1992, signatories (including 
Australia) have pledged to achieve the Aichi Biodiversity Targets, including that “by 2020, 
pollution has been brought to levels that are not detrimental to ecosystem function and 
biodiversity.” 
Interactions between wildlife and plastic debris can contribute directly to mortality 
through entanglement, or starvation and dehydration resulting from blockages, and damage to 
the digestive tract due to the ingestion of plastic (Gall and Thompson, 2015). The indirect, 
sub-lethal effects resulting from plastic debris are less well understood, but include exposure 
to toxins adhered to the surface of ingested plastic fragments (Lavers and Bond, 2016a; 
Lavers et al., 2014; Tanaka et al., 2015). The ingestion of significant quantities of plastic is 
also correlated with and contributes to reduced body condition (morbidity), with fledgling 
Flesh-footed Shearwaters exhibiting reduced wing length and body mass thought to reduced 
their survival by around 10% (Lavers et al., 2014). 
 Wedge-tailed Shearwaters (Ardenna pacifica) have been reported to ingest plastic in 
Australia (Hutton et al., 2008; Verlis et al., 2013) and elsewhere (Fry et al., 1987; Rapp et al., 
2017), but the extent to which this may affect the health of individuals has not been 
investigated. Our goal was therefore to assess changes in the frequency of plastic ingestion by 
Wedge-tailed Shearwaters from eastern Australia collected during 2005 and 2013-2018, and 
to examine the relationship between plastic load and fledgling body condition. 
 
2. Methods 
2.1. Sampling birds 
Wedge-tailed Shearwater fledglings (approximately 80 days old) were sampled on 
Lord Howe Island (31’31°S, 159’02°E), New South Wales, including an adjacent islet, from 
late-April until mid-May 2005 and 2013-2018 (Fig. 1). Fledglings of this species do not 
typically regurgitate a bolus and receive their final meal approximately two weeks before 
departing the nest (Baduini, 2002; Hutton et al., 2008). As such, it’s unlikely that new plastic 
items would be accumulated by young birds during or after the sampling period.  
Body mass (± 10 g) was determined using a spring balance, wing chord (flattened; ± 1 
mm; to the tip of the longest primary feather) using a stopped ruler, and head+bill and culmen 
length using Vernier callipers (± 0.1 mm). Ingested plastic was collected by stomach flushing 
following procedures outlined by Duffy and Jackson (1986). In brief, seawater 
(approximately 90 ml) at ambient temperature was gently pumped into the proventriculus 
through a tube, thus displacing any food or plastic items. Once fluid and stomach contents 
began to flow back up the throat (i.e., once the stomach was completely filled), the bird was 
inverted over a container to collect anything expelled. Freshly dead (< 24 hours) fledgling 
shearwater carcasses were collected from beaches adjacent to the colonies after unsuccessful 
fledging attempts (often a result of strong onshore winds) each morning. Birds were 
measured, weighed, and necropsied immediately upon collection. 
Plastic items from each individual bird were dried and weighed separately to the 
nearest 0.001 g using an electronic balance and sorted by colour (white, blue, green, red/pink, 
yellow/orange, and black/grey/brown) and type following van Franeker and Law (2015) and 
Provencher et al. (2017): industrial pellets (nurdles) and user plastic (all non-industrial 
remains of plastic objects) differentiated into five subcategories including sheet-like plastics 
(e.g., bag and film), thread-like plastics (e.g., rope and line), foam (e.g., polystyrene), 
fragments (unidentifiable hard plastics), and other (e.g., balloon rubber, melted plastic). 
3 
 
 
2.2. Statistical methods 
We first examined whether the prevalence, number of pieces, or mass of plastic varied 
among years using generalized linear models with binomial, Poisson, and normal error 
structures, respectively. We report the mean ± SD and range following Provencher et al. 
(2017). To test whether the mass of ingested plastic was related to individuals’ body size, we 
used a general linear models and examined the relationship between ingested plastic mass, 
and birds’ mass, culmen length, head+bill length, and wing chord length. We also compared 
the body mass of birds among years and between the two sampling methods (lavage of live 
birds, and necropsy of beach-washed dead birds) using general linear models. 
We compared the composition of ingested plastics (in terms of colour and plastic type) 
among years using Jaccard’s index of similarity, where values of J = 0 indicate complete 
dissimilarity, and J = 1 indicates identical composition; Values of J > 0.60 were considered to 
be significant overlap. Lastly, we conducted a power analysis to assess the sample size 
needed to detect a change (5%–100%; in 5% increments; with power of 80%) in the 
frequency of plastic ingestion by Wedge-tailed Shearwater fledglings over time, as described 
in van Franeker and Meijboom (2002). All statistical analyses were done in R 3.4.3 (R Core 
Team, 2018) using the packages lme4 (Bates et al., 2015) and vegan (Oksanen et al., 2013); 
results from parametric tests were considered statistically significant when p < 0.05. 
 
Results 
We examined 224 Wedge-tailed Shearwater fledglings for plastic debris (lavage: n = 
154; necropsy: n = 70) during 2005 and 2013-2018 (Table 1). Overall, 35.2% of fledglings 
sampled during 2013-2018 contained 1.07 ± 3.21 pieces of plastic weighing 0.086 ± 0.256 g 
(Table 1) compared to 46% of lavaged birds sampled in 2005 (n = 30). The frequency of 
occurrence of plastic was 31.2% for lavaged birds, and 44.3% for necropsied birds, the mean 
number of pieces was 1.01 ± 3.68 and 1.04 ± 1.76, respectively, and the mass of ingested 
plastic was slightly higher in necropsied birds where the gizzard could also be examined 
(lavage: 0.069 ± 0.235 g, necropsy: 0.107 ± 0.281 g). 
While most items ingested were white (72.4%, n = 173; Table 2), the composition of 
colours differed among years, with the exception of 2005, 2014, 2015, and 2018, where the 
overlap was significant (Table 3). Notably 2013 differed from all other years in colour 
composition (all J < 0.45; Table 3). The type of plastic ingested was similar in most years, 
though 2013 was most dissimilar from the rest (Table 4), which reflected an increase in the 
proportion of user fragments (2013: 63%, 2018: 97%; Table 5) and a general decrease in the 
proportion of industrial pellets (2013: 36%, 2017: 3%). The provenance of most items could 
not be determined, however bottle caps (n = 3, 2.0%), oyster spacers (from the aquaculture 
industry; n = 2, 1.3%), and balloon fragments (n = 3, 2.0%; Fig. 2) were identified in some 
birds.  
The prevalence of plastic in lavaged Wedge-tailed Shearwaters was unchanged from 
2005-2018 (z = -1.18, p = 0.24), though the number of pieces per individual decreased 
significantly (z = -7.13, p < 0.001), as did the mass of plastic (F1,150 = 11.71, p < 0.001; β = -
0.014). Among necropsied birds, there was a significant increase in the prevalence of plastic 
(z = 3.03, p = 0.002, β = 0.414), a significant increase in the number of pieces (z = 3.16, p = 
0.002, β = 0.204), and no change in plastic mass (F1,69 = 1.29, p = 0.26). 
 Lavaged birds weighed significantly more than necropsied birds (F1,214 = 87.82, p < 
0.001), and mass differed significantly among years (F1,214 = 25.97, p < 0.001); the sample 
type × year interaction was not significant (F1,214 = 1.70, p = 0.19). There was no relationship 
between the mass of ingested plastic and birds’ mass (lavage: F1,149 = 1.06, p = 0.30; 
necropsy: F1,64 = 0.08, p = 0.78), head+bill length (lavage: F1,75 = 0.26, p = 0.61; necropsy: 
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F1,54 = 0.21, p = 0.65), culmen length (lavage: F1,105 = 0.11, p = 0.74; necropsy: F1,67 = 1.40, p 
= 0.24), or wing chord length (lavage: F1,76 = 0.22, p = 0.64; necropsy: F1,57 = 0.33, p = 0.57). 
Based on the mean sample size on Lord Howe Island during 2013-2018 (32 ± 13 
birds; Table 1), results of the power analysis indicate only a 35% change in the frequency of 
occurrence of ingested plastic could be detected. 
 
Discussion 
The results of our study indicate the proportion of Wedge-tailed Shearwater fledglings 
on Lord Howe Island being fed plastic debris by their parent birds remained relatively 
constant during 2005-2016, with prevalence and counts potentially increasing in recent years, 
especially in necropsied birds (Table 1). Overall, the prevalence data for Lord Howe Island 
are comparable with Heron Island (~1,000 km north-west of Lord Howe Island) where 
around 20% of fledglings sampled in 2012 contained plastic (Verlis et al., 2013). While the 
proportion of Wedge-tailed Shearwater fledglings containing plastic appears to be higher in 
birds from Kaua’i, Hawai’i than Australia (Table 1), the mass of plastic consumed per bird is 
comparable. There is a higher density of plastic debris in the North Pacific Ocean than the 
Tasman Sea (Howell et al., 2012; Rudduck et al., 2017), but the small sample sizes found in 
any given year (Table 1) make it difficult to draw conclusions applicable to the species as a 
whole. 
 The majority of ingested plastic items recovered from Wedge-tailed Shearwater 
fledglings on Lord Howe Island were white (69% overall), however the colours fed to chicks 
by the adult birds varied among years (Table 2). The colour of plastic items consumed 
appears to be relatively consistent geographically, with Wedge-tailed Shearwater fledglings 
from Kaua’i and Heron Island also being fed mostly white plastics (77-83%; Table 2; Kain et 
al., 2016; Verlis et al., 2013). This corresponds with the distribution of plastic colours at sea, 
with white and blue being the most commonly reported (Shaw and Day, 1994). Plastic colour 
selection in seabirds may be influenced by additional factors, including the degree of 
similarity to potential prey items (Derraik, 2002; Ryan, 1987). For example, Verlis et al. 
(2013) suggest Wedge-tailed Shearwaters on Heron Island select white and black plastic due 
to their resemblance to squid and pumice, respectively. Flesh-footed Shearwaters on Lord 
Howe Island consume considerable quantities of squid and pumice, and blue and white 
plastics are most common (accounting for 80% of ingested items; Lavers et al., 2014). The 
availability of different plastic colours at sea may also influence the colour of items ingested 
by seabirds. Light-coloured plastics dominate in the marine environment (Moser and Lee, 
2012; Shaw and Day, 1994), including waters off eastern Australia (Reisser et al., 2013; 
Rudduck et al., 2017) where Australian Wedge-tailed Shearwaters forage (McDuie et al., 
2015; Miller et al., 2018). Flesh-footed Shearwaters from Lord Howe Island exhibit strong 
selection for plastic colour while birds from Western Australia appear to choose colours 
based on what is available in waters adjacent to the breeding colony (Lavers and Bond, 
2016b); it is possible Wedge-tailed Shearwaters on Lord Howe may also be actively selecting 
white plastics (Table 2). 
There was a high degree of similarity among the types of ingested plastic items 
among years (Table 4). While industrial pellets were absent in 2005, the proportion 
consumed by Wedge-tailed Shearwaters decreased during 2013-2017. A similar pattern has 
also been reported for Flesh-footed Shearwaters on Lord Howe Island (Lavers et al., in prep) 
and various seabirds in the South Atlantic, North Pacific, and Indian Oceans (Ryan, 2008; 
van Franeker et al., 2011; Vlietstra and Parga, 2002). This reduction has been largely 
attributed to industry efforts to reduce the loss of pellets for economic reasons (e.g., 
Operation Clean Sweep; OCS, 2015). 
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Few studies have highlighted a range of non-lethal consequences as a result of the 
ingestion of plastic by seabirds, including exposure to chemical pollutants (Lavers and Bond, 
2016a; Tanaka et al., 2015). Reductions in seabird body condition, such as lower body mass 
and shorter wing lengths, have been attributed to the ingestion of plastic (Auman et al., 1998; 
Lavers et al., 2014). The relatively low levels of plastic ingestion by Wedge-tailed 
Shearwaters does not appear to significantly impact the physical health of fledglings on Lord 
Howe Island, or Heron Island (Verlis et al., 2013). This contrasts sharply with the Flesh-
footed Shearwater, which breeds and forages in the same locations as the Wedge-tailed 
Shearwater (Reid, 2010), yet suffers from much higher rates of plastic ingestion and a range 
of sub-lethal effects (Lavers et al., 2014). However, it is important to note that information on 
the chemical body burden in Wedge-tailed Shearwaters in relation to plastic ingestion is 
lacking, particularly in relation to the toxicological effects of plastics at the nano-scale 
(Koelmans et al., 2015; Mattsson et al., 2015). 
The prevalence of ingested plastic in some species appears to be increasing over time 
(Lavers and Bond, 2016a; Robards et al., 1995), highlighting a need for ongoing monitoring, 
though obtaining sufficient sample sizes to detect meaningful trends can be difficult for some 
species (Lavers and Bond, 2016a; Ryan, 2016). Furthermore, the temporal and geographic 
variation in the type, colour, or amount of plastic recorded within single species poses a 
challenge when interpreting individual studies. Quantifying changes in the composition of 
plastics in the ocean, as indicated by seabirds, requires a coordinated effort following a 
standardised sampling protocol such as that proposed by Provencher et al. (2017). Marine 
organisms like the Northern Fulmar (Fulmarus glacialis) can act as indicators of marine litter 
levels in their environment in a way that is virtually impossible to replicate by direct physical 
measurements (i.e., high cost and logistical challenges of trawling for plastics at-sea; Ryan et 
al., 2009). With breeding sites across the tropical Indian and Pacific oceans (Marchant and 
Higgins, 1990; Whittow, 1997), the Wedge-tailed Shearwater provides a unique opportunity 
to gather data from multiple sites concurrently with minimal disruption to relatively large and 
robust populations. Monitoring plastic pollution on an international scale is likely only 
possible with the use of indicators such as seabirds. If done consistently, it has the potential to 
provide policy makers with a robust framework for making management decisions aimed at 
improving the quality of the marine environment and achieving global biodiversity 
conservation and sustainability targets. 
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Table 1 
Summary of plastic ingestion studies for fledgling Wedge-tailed Shearwaters. FO: Frequency of occurrence (%). 
Year Location n FO 
 
Mean number 
of pieces 
Range Mean mass (g) Range (g) Source 
1978-1980
1
 Hawaiʻi, USA 47 0.0     Harrison et al. (1983) 
1984
2
 Manana Is., Hawaii 20 60.0  0-12   Fry et al. (1987) 
1986
2
 Midway Atoll, USA 11 27.0     Sileo et al. (1990) 
1987
2
 Kaua’i, USA 7 29.0     Sileo et al. (1990) 
1984-1991
2
 tropical Pacific 5 20.0     Spear et al. (1995) 
2005
2
 Lord Howe Is. 22 13.6   5.83 0.0-11.0 Hutton et al. (2008) 
2005
3
 Lord Howe Is. 30 43.4   0.70  Hutton et al. (2008) 
2012
3
 Heron Is., AU 24 20.8 3.2 0-5 0.06 0.00-0.11 Verlis et al. (2013) 
2011-2014
2
 Kauaʻi, USA 13 76.9 2.38 ± 1.94 0-31 0.03 ± 0.03 0.00-0.13 Kain et al. (2016) 
2013
2
 Lord Howe Is. 14 21.4 0.79 ± 1.80 0-5 0.02 ± 0.05 0.00-0.16 This study 
2014
2
 Lord Howe Is. 11 36.4 0.36 ± 0.51 0-1 0.13 ± 0.41 0.00-1.39 This study 
2015
2
 Lord Howe Is. 10 20.0 0.60 ± 1.58 0-5 0.12 ± 0.35 0.00-1.11 This study 
2017
2
 Lord Howe Is. 8 62.5 2.25 ± 3.01 0-9 0.09 ± 0.17 0.00-0.50 This study 
2018
2
 Lord Howe Is. 22 68.2 1.41 ± 1.65 0-6 0.17 ± 0.32 0.00-1.41 This study 
2014
3
 Lord Howe Is. 31 19.4 0.42 ± 1.06 0-4 0.01 ± 0.04 0.00-0.22 This study 
2015
3
 Lord Howe Is. 21 28.6 0.33 ± 0.58 0-2 0.02 ± 0.04 0.00-0.12 This study 
2016
3
 Lord Howe Is. 26 23.1 0.39 ± 0.90 0-4 0.04 ± 0.09 0.00-0.33 This study 
2017
3
 Lord Howe Is. 17 29.4 1.06 ± 2.75 0-11 0.04 ± 0.09 0.00-0.28 This study 
2018
3
 Lord Howe Is. 30 40.0 1.17 ± 2.83 0-15 0.06 ± 0.19 0.00-0.97 This study 
1
Spontaneous regurgitations. 
2
Necropsy of freshly deceased fledglings (proventriculus and gizzard).  
3
Live fledglings sampled using stomach flushing (lavage; proventriculus only). 
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Table 2 
Colour of ingested plastic from Wedge-tailed Shearwater fledglings, reported as the number of items (proportion). 
Year Location n White Blue Green Red Yellow Black Source 
2005 Lord Howe Is. 30 57 (80.3) 2 (2.8) 10 (14.1) 0 2 (2.8) 0 Hutton et al. (2008) 
2012 Heron Is., AU 24 9 (37.5) 0 8 (31.3) 2 (6.3) 2 (12.3) 3 (12.5) Verlis et al. (2013) 
2011-2014 Kauaʻi, USA 30 24 (77.4) 0 2 (6.5) 1 (3.2) 2 (6.5) 2 (6.5) Kain et al. (2016) 
2013 Lord Howe Is. 14 4 (36.4) 0 2 (18.2) 0 0 5 (45.5) This study 
2014 Lord Howe Is. 42 10 (58.8) 1 (5.9) 4 (23.5) 0 1 (5.9) 1 (5.9) This study 
2015 Lord Howe Is. 31 8 (61.5) 0 3 (23.1) 1 (7.7) 0 1 (7.7) This study 
2016 Lord Howe Is. 27 5 (50.0) 0 1 (10.0) 3 (30.0) 0 1 (10.0) This study 
2017 Lord Howe Is. 29 30 (76.9) 5 (12.8) 1 (2.6) 0 1 (2.6) 2 (5.1) This study 
2018 Lord Howe Is. 52 169 (75.4) 9 (4.0) 27 (12.1) 4 (1.8) 4 (1.8) 11 (5.0) This study 
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Table 3  
Jaccard’s index of similarity for the colour of plastics ingested by Wedge-tailed Shearwaters fledglings on Lord Howe Island, Australia, from 
2013-2018. Values of J = 0 indicate complete dissimilarity, and J = 1 indicate identical colour composition. Values of J < 0.60 are significant. 
Year 2005 2013 2014 2015 2016 2017 
2013 0.34      
2014 0.65 0.43 
  
  
2015 0.61 0.45 0.78 
 
  
2016 0.43 0.39 0.49 0.60   
2017 0.74 0.28 0.60 0.53 0.41  
2018 0.85 0.36 0.69 0.67 0.50 0.80 
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Table 4 
Jaccard’s index of similarity for the type of plastics ingested by Wedge-tailed Shearwaters fledglings on Lord Howe Island, Australia, from 
2013-2018. Values of J = 0 indicate complete dissimilarity, and J = 1 indicate identical type composition. Values of J < 0.60 are significant. 
Year 2005 2013 2014 2015 2016 2017 2018 
2013 0.47 
   
   
2014 0.56 0.77      
2015 0.64 0.55 0.73 
 
   
2016 0.82 0.58 0.67 0.73    
2017 0.84 0.55 0.68 0.77 0.95   
2018 0.94 0.50 0.58 0.67 0.87 0.87 0.94 
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Table 5 
Wedge-tailed Shearwater fledglings sampled on Lord Howe Island during 2005-2018. Number of live birds (lavage) and freshly deceased birds 
(necropsy). Plastic is reported by type (total number ingested and proportion (%)) following categories outlined by van Franeker and Law 
(2015): industrial pellets and user plastic (all non-industrial remains of plastic objects) which are differentiated into five subcategories (see text). 
Year Necropsy Lavage Prevalence  Industrial User 
   (%)  Sheet Thread Foam Fragments Other* 
2005 0 30 43.3 0 0 0 0 70 (98.6) 1 (1.4) 
2013 14 0 21.4 4 (36.4) 0 0 0 7 (63.6) 0 
2014 11 31 23.8 4 (23.5) 0 0 0 12 (70.6) 1 (5.9) 
2015 10 21 25.8 1 (7.7) 0 0 0 10 (76.9) 2 (15.4) 
2016 1 26 33.3 1 (10.0) 0 0 0 9 (90.0) 0 
2017 12 17 32.0 3 (7.7) 0 0 0 35 (89.7) 1 (2.6) 
2018 22 30 51.9 2 (3.1) 0 0 0 63 (96.9) 0 
*Items in the other category included pink, white, and purple balloons (Fig. 2) and melted plastic. 
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Fig. 1. Sampling sites for Wedge-tailed Shearwater (Ardenna pacifica) fledglings on Lord Howe Island during 2005 and 2013-2018. 
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Fig. 2. Ingested debris recovered from fledgling Wedge-tailed Shearwaters on Lord Howe Island: (A) purple balloon removed from the gizzard 
(a second white balloon lodged in the esophagus is not visible in the photo), (B) fragments of hard plastic, including two industrial pellets 
(nurdles) and part of a cylum glow stick, from eight individual birds. 
 
